Background
==========

CK1 is a family of serine/threonine-specific protein kinases that is conserved in eukaryotes from yeast to humans.[@b1-ott-12-993],[@b2-ott-12-993] It regulates diverse cellular processes including Wnt signaling, circadian rhythms, and DNA repair.[@b3-ott-12-993],[@b4-ott-12-993] The CK1 family consists of six human isoforms (α, δ, ε, γ1, γ2, γ3). The amino-terminal kinase domain is highly conserved in all CK1 family members.[@b5-ott-12-993]--[@b7-ott-12-993]

The Wnt/β-catenin signaling pathway plays a pivotal role in embryonic development, tumorigenesis, and stem cell self-renewal.[@b8-ott-12-993],[@b9-ott-12-993] This pathway is activated by the binding of secreted Wnt proteins to a receptor complex containing a member of the FZD family and LRP5/6.[@b8-ott-12-993],[@b10-ott-12-993] CK1 family members phosphorylate several important components in the Wnt/β-catenin signaling pathway and act as either negative or positive regulators of the pathway.[@b11-ott-12-993],[@b12-ott-12-993] In the destruction complex, CK1α phosphorylates β-catenin and subsequently leads to degradation of β-catenin.[@b13-ott-12-993] Moreover, CK1δ or CK1ε can phosphorylate the APC protein to enhance the binding of APC to β-catenin for β-catenin degradation.[@b14-ott-12-993] However, in the presence of Wnt, CK1δ and CK1ε can phosphorylate LRP6 and DVL to disrupt the formation of the β-catenin degradation complex, resulting in β-catenin accumulation and nuclear translocation, as well as the expression of Wnt target genes, including *DKK1*, *LEF1*, *Axin2*, and *Survivin*.[@b10-ott-12-993],[@b15-ott-12-993]--[@b17-ott-12-993]

CK1δ and CK1ε play a critical role in circadian pacemaking because they phosphorylate the core clock protein PER, leading to proteasome-mediated degradation and nuclear translocation.[@b18-ott-12-993] The human familial advanced sleep-phase syndrome is associated with a T44A missense mutation in CK1δ.[@b19-ott-12-993],[@b20-ott-12-993] In Syrian hamsters and mice, the Tau mutation of CK1ε (CK1ε*^Tau^*) accelerates the circadian pacemaker by selectively destabilizing PER proteins.[@b21-ott-12-993],[@b22-ott-12-993] Hirota et al identified a purine derivative longdaysin as a novel modulator of cellular circadian rhythms using high-throughput chemical screening.[@b23-ott-12-993] This compound exerts a strong period-lengthening effect both in cultured mammalian cells and in living zebrafish through targeting the protein kinases CK1δ, CK1α, and ERK2.[@b23-ott-12-993] However, the antitumor activity of longdaysin and its underlying mechanisms are still unclear. In this study, we demonstrated that longdaysin suppressed Wnt/β-catenin signaling via targeting CK1δ and CK1ε. Administration of longdaysin slowed tumor growth with a concomitant inhibition of the Wnt/β-catenin signaling pathway in MDA-MB-231 breast cancer xenografts. Our results indicate that longdaysin may be a promising agent for breast cancer treatment.

Methods
=======

Reagents and plasmids
---------------------

Longdaysin was purchased from Sigma-Aldrich. The construction of SuperTOPFlash reporter and the expression plasmids encoding Wnt1, LRP6, DVL2, CK1δ, CK1ε, and β-gal have been described previously.[@b24-ott-12-993]

Cell culture
------------

All cell lines were obtained from the American Type Culture Collection (ATCC). HEK293T and Hs578T cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin--streptomycin in a humidified incubator at 37°C with 5% CO~2~. MDA-MB-231 cells were grown in Leibovitz's L-15 medium supplemented with 10% FBS and 1% penicillin--streptomycin at 37°C in a humidified incubator without CO~2~.

Transfection and luciferase reporter analysis
---------------------------------------------

HEK293T cells were transfected with SuperTOPFlash reporter along with control plasmid pCMXβgal, and the indicated expression plasmids, using the X-tremeGENE HP DNA Transfection Reagent (Roche) according to the manufacturer's instructions. Cells were then incubated with DMSO or the indicated concentrations of longdaysin. Luciferase activity was evaluated using a luciferase assay kit (Promega), and the luciferase values were normalized to β-gal activities.

Western blot analyses
---------------------

Lysates of cells or tumor tissues were prepared with lysis buffer containing 20 mM Tris⋅HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerol phosphate, 1 mM sodium orthovanadate, 2 µg/mL leupeptin, and 1 mM phenylmethylsulfonyl fluoride. Equal amounts of proteins were separated by SDS-PAGE and transferred to polyvinylidene fluoride membranes. Immunoblotting was performed with anti-phosphorylated LRP6 (Ser1490) (2568; Cell Signaling), anti-LRP6 (2560; Cell Signaling), DVL2 (3216; Cell Signaling), anti-active β-catenin (8814; Cell Signaling), anti-β-catenin (sc-7963; Santa Cruz), anti-CK1α (108296; Abcam), anti-CK1δ (sc-55554; Santa Cruz), anti-CK1ε (12448; Cell Signaling), anti-CD44 (3570; Cell Signaling), anti-Slug (9585; Cell Signaling), anti-Snail (3879; Cell Signaling), anti-GAPDH (HC-301; TransGen Biotech), and anti-β-actin (HC-201; TransGen Biotech).

Real-time PCR analyses
----------------------

Total RNA was extracted using RNAiso Plus (TaKaRa) and was then reverse-transcribed into cDNA using the Prime-Script RT Reagent Kit (TaKaRa) according to the manufacturer's instructions. The prepared cDNA was then subjected to quantitative PCR analysis using GoTaq^®^ qPCR Master Mix (Promega). The primer pairs used for quantitative PCR amplification were as follows: Axin2: sense, 5′-TACACTCCTTATTGGGCGATCA-3′ and antisense, 5′-TTG GCTACTCGTAAAGTTTTGGT-3′; DKK1: sense, 5′-AT AGCACCTTGGATGGGTATTCC-3′ and antisense, 5′-CT GATGACCGGAGACAAACAG-3′; LEF1: sense, 5′-AGGAACATCCCCACACTGAC-3′ and antisense, 5′-AGGTCTTTTTGGCTCCTGCT-3′; Survivin: sense, 5′-AGGACCACCGCATCTCTACAT-3′ and antisense, 5′-AAGTCTGGCTCGTTCTCAGTG-3′; CD44: sense, 5′-CTGCCGCTTTGCAGGTGTA-3′ and antisense, 5′-CATTGTGGGCAAGGTGCTATT-3′; Slug: sense, 5′-CGAACTGGACACACATACAGTG-3′ and antisense, 5′-CTGAGGATCTCTGGTTGTGGT-3′; Snail: sense, 5′-TCGGAAGCCTAACTACAGCGA-3′ and antisense, 5′-AGATGAGCATTGGCAGCGAG-3′; GAPDH: sense, 5′-CCAGAACATCATCCCTGCCTCTACT-3′ and antisense, 5′-GGTTTTTCTAGACGGCAGGTCAGGT-3′.

Lentiviral shRNA
----------------

The sequences of CK1 shRNAs were as follows: shCK1δ: sense, GATCCGTGATCAGTCGCATCGAATATTCAAGAGATATTCGATGCGACTGATCATTTTTTGGAAA and antisense, AGCTTTTCCAAAAAATGATCAGTCGCATCGAATATCTCTTGAATATTCGATGCGACTGATCACG; and shCK1ε: sense, GATCCGTATATCCACTCCAAGAACTTCAAGAGAGTTCTTGGAGTGGATATACTTTTTTGGAAA and antisense, AGCTTTTCCAAAAAAGTATATCCACTCCAAGAACTCTCTTGAAGTTCTTGGAGTGGATATACG. For infection with lentivirus, the cells were cultured with lentiviral solution for 24 hours in the presence of 5 µg/mL Polybrene (Sigma).

Colony formation assays
-----------------------

Cells were seeded onto a six-well plate at a density of 1×10^3^ cells per well and then incubated with the indicated concentrations of longdaysin. After incubation for 7 days, cells were stained with crystal violet and photographed.

In vitro migration and invasion analyses
----------------------------------------

As previously described,[@b24-ott-12-993] 2×10^5^ cells were suspended in 100 µL serum-free medium containing the indicated concentrations of longdaysin, and then seeded in 24-transwell chambers with 8 µm pore membrane. The lower chamber contained medium with 20% FBS. After incubation at 37°C for 6 hours, the unmigrated cells on the upper side of membrane were removed by a cotton swab, and the migrated cells were stained with crystal violet and stained cells were photomicrographed. For invasion assays, the transwell chambers with 8 µm pore membranes were coated with Matrigel.

Sphere formation assays
-----------------------

Cells were seeded in DMEM/F12 medium containing 2% B-27, 10 ng/mL EGF, 10 ng/mL fibroblast growth factor, and 10 µg/mL insulin with the indicated concentrations of longdaysin in a 24-well plate with an Ultra-Low Attachment surface (250 cells per well). After incubation for 10 days, spheres were photographed.

Animal model study
------------------

All animal experiments were performed according to the protocols approved by the Administrative Committee on Animal Research of Shenzhen University, and the Committee also approved all the animal experiments performed in this study. Female BALB/c nude mice were obtained from Beijing Vital River Laboratory Animal Technology Co, Ltd. MDA-MB-231 cells were injected s.c. into the right flank of nude mice (1×10^7^ cells per mouse), and tumor growth was closely observed and measured every 3 days. When the tumors reached approximately 50 mm^3^, the mice were randomly divided into two groups (eight mice per group) and i.p. injected with the vehicle (0.8% DMSO/12% Cremophor/8% ethanol in normal saline) or 5 mg/kg longdaysin in vehicle every 3 days. This longdaysin dosage was selected based on results from preliminary experiments, and was well tolerated in the mouse model. Subsequently, tumor volumes were measured with a caliper and calculated as follows: 0.523×(length)×(width)[@b2-ott-12-993]. After treatment for 3 weeks, the mice were sacrificed and the tumor tissues were collected and weighed before being fixed in buffered formalin.

Histologic analyses
-------------------

As previously described,[@b24-ott-12-993] formalin-fixed tumors were embedded with paraffin and sectioned, after which immunocytochemistry and H&E staining were performed. Immunocytochemistry was performed using the following primary antibodies: anti-Ki-67 (350501; BioLegend), anti-active β-catenin (8814; Cell Signaling), and anti-β-catenin (sc-7963; Santa Cruz).

Statistical analyses
--------------------

Statistical analyses were performed with the GraphPad Prism software (version 5.0). Results are presented as mean ± SD. A *P*-value \<0.05 was considered statistically significant.

Results
=======

CK1δ/ε-dependent suppression of Wnt/β-catenin signaling by longdaysin
---------------------------------------------------------------------

CK1 family members play both positive and negative roles in the Wnt/β-catenin signaling pathway.[@b25-ott-12-993] A novel compound longdaysin ([Figure 1A](#f1-ott-12-993){ref-type="fig"}) exhibited a drastic effect on the circadian period through inhibition of CK1δ, CK1α, and ERK2.[@b23-ott-12-993] To determine the effect of longdaysin on Wnt/β-catenin signaling, HEK293T cells were transfected with a SuperTOPFlash reporter vector together with expression plasmids for Wnt1, LRP6, DVL2, CK1δ, CK1ε, CK1δ/LRP6, CK1ε/LRP6, CK1δ/DVL2, CK1ε/DVL2, and β-catenin. Longdaysin dramatically blocked Wnt signaling activated by Wnt1, LRP6, DVL2, CK1δ, CK1ε, CK1δ/LRP6, CK1ε/LRP6, CK1δ/DVL2, and CK1ε/DVL2 in a dose-dependent manner ([Figure 1B--H](#f1-ott-12-993){ref-type="fig"}). Moreover, increased Wnt reporter activity induced by Wnt3A-conditioned medium was also inhibited by longdaysin ([Figure 1J](#f1-ott-12-993){ref-type="fig"}). However, this compound had little effect on β-catenin-induced reporter activity ([Figure 1I](#f1-ott-12-993){ref-type="fig"}). These results indicate that longdaysin may target the upstream components of Wnt signaling. In control experiments, longdaysin at Wnt-inhibitory concentrations had little effect on the luciferase activity of NFAT reporter (NFAT-Luc), AP-1 reporter (AP-1-Luc), or Hippo reporter (8× GTIIC-Luc) ([Figure 2A--C](#f2-ott-12-993){ref-type="fig"}).

Since longdaysin has been demonstrated to inhibit CK1δ activity,[@b23-ott-12-993] we speculate this compound may suppress the Wnt/β-catenin signaling cascade through targeting CK1δ and CK1ε. To investigate whether the Wnt-inhibitory effect of longdaysin is dependent on CK1δ/ε, HEK293T cells were transfected with Flag-tagged CK1δ or CK1ε expression plasmid and then treated with the indicated concentrations of longdaysin. As expected, CK1δ ([Figure 3A](#f3-ott-12-993){ref-type="fig"}) or CK1ε ([Figure 3B](#f3-ott-12-993){ref-type="fig"}) expression increased the level of phosphorylated LRP6 and DVL2 and activated β-catenin. Treatment with longdaysin significantly reduced the levels of phosphorylated LRP6, total LRP6, phosphorylated DVL2, activated β-catenin, and total β-catenin in a dose-dependent manner ([Figure 3](#f3-ott-12-993){ref-type="fig"}), indicating that longdaysin may inhibit the Wnt/β-catenin pathway by suppressing CK1δ/ε. In addition, Western blot analysis was performed to examine the basal expression of CK1 isoforms in HEK293T cells. As shown in [Figure S1](#SD1-ott-12-993){ref-type="supplementary-material"}, the basal expression of CK1α, CK1δ, and CK1ε was detected in HEK293T cells. Longdaysin treatment had no effect on their basal expression ([Figure S1](#SD1-ott-12-993){ref-type="supplementary-material"}).

CK1δ/ε-dependent inhibition of the Wnt/β-catenin signaling cascade in breast cancer cells by longdaysin
-------------------------------------------------------------------------------------------------------

To determine the effect of CK1δ and CK1ε on Wnt/β-catenin signaling in breast cancer cells, lentivirus-mediated shRNAs were used to suppress the expression of CK1δ and CK1ε in Hs578T and MDA-MB-231 cells. Similar to longdaysin, shRNA-mediated silencing of CK1δ and CK1ε resulted in decreased protein levels of phosphorylated LRP6, total LRP6, phosphorylated DVL2, active β-catenin, and total β-catenin ([Figure 4A and B](#f4-ott-12-993){ref-type="fig"}). Importantly, depletion of CK1δ and CK1ε abolished the effects of longdaysin on LRP6, DVL2, and β-catenin in both cell lines ([Figure 4A and B](#f4-ott-12-993){ref-type="fig"}). Furthermore, knockdown of CK1δ and CK1ε downregulated the mRNA expression of Wnt target genes *Axin2*, *DKK1*, *LEF1*, and *Survivin*, while longdaysin treatment had no further effects on the expression of these Wnt target genes in shRNA-silenced cells ([Figure 4C and D](#f4-ott-12-993){ref-type="fig"}).

Repression of colony formation, migration, and invasion in breast cancer cells by longdaysin via targeting CK1δ/ε
-----------------------------------------------------------------------------------------------------------------

To examine the effect of longdaysin on the colony formation ability of breast cancer cells, a colony formation assay was performed. Longdaysin treatment inhibited colony formation of Hs578T and MDA-MB-231 cells in a dose-dependent manner, while knockdown of CK1δ/ε abrogated the effect of longdaysin ([Figure 5A](#f5-ott-12-993){ref-type="fig"}).

Considering the important role of Wnt/β-catenin signaling in migration and invasion of malignant cells, we investigated the effect of longdaysin on migration and invasion in breast cancer cells using transwell assay. As shown in [Figure 5B and C](#f5-ott-12-993){ref-type="fig"}, longdaysin treatment dose-dependently suppressed the migration and invasion of Hs578T and MDA-MB-231 cells ([Figure 5B and C](#f5-ott-12-993){ref-type="fig"}). However, the effects of longdaysin on the migration and invasion of breast cancer cells were abolished in CK1δ/ε-knockdown cells ([Figure 5B and C](#f5-ott-12-993){ref-type="fig"}). These results suggest that longdaysin may repress breast cancer cell colony formation, migration, and invasion through targeting CK1δ/ε.

Blockage of breast cancer cell stemness by longdaysin through inhibition of CK1δ/ε
----------------------------------------------------------------------------------

Since Wnt/β-catenin signaling plays a crucial role in the survival and maintenance of CSCs, we examined the effect of longdaysin on the stemness of breast cancer cells using a sphere formation assay. The breast cancer Hs578T cells were incubated with longdaysin at different concentrations for 1 week. The images of tumor spheres of Hs578T cells showed markedly decreased number and size of tumor spheres in cells treated with longdaysin ([Figure 6A and B](#f6-ott-12-993){ref-type="fig"}). Furthermore, longdaysin treatment downregulated the expression of stemness marker genes, *CD44*, *Slug*, and *Snail*, in Hs578T cells ([Figure 6C and D](#f6-ott-12-993){ref-type="fig"}). As expected, CK1δ/ε knockdown attenuated tumor sphere formation and inhibited expressions of stemness genes *CD44*, *Slug*, and *Snail* in mRNA and their protein levels in Hs578T cells ([Figure 6C and D](#f6-ott-12-993){ref-type="fig"}). Longdaysin had little effects on the sphere formation, and expression of stemness marker genes in CK1δ/ε-silenced cells ([Figure 6A--C](#f6-ott-12-993){ref-type="fig"}). It has been well established that *CD44*, *Slug*, and *Snail* are the target genes of Wnt/β-catenin signaling.[@b26-ott-12-993],[@b27-ott-12-993] Thus, it is fairly reasonable to assume longdaysin-induced inhibition of stemness may be associated with its antagonistic effects on Wnt/β-catenin signaling through targeting CK1δ/ε.

Suppression of tumor growth in vivo and inhibition of Wnt/β-catenin signaling in MDA-MB-231 xenografts by longdaysin
--------------------------------------------------------------------------------------------------------------------

To determine the inhibitory effect of longdaysin on the Wnt/β-catenin pathway in breast cancer cells in vivo, MDA-MB-231 cells were injected s.c. into nude mice. The tumors were measured every 3 days. Once the volumes of the tumors reached approximately 50 mm^3^, mice were randomly divided into two groups, and i.p. injected with vehicle or long-daysin at 5 mg/kg every 3 days, respectively. After 3-week treatment, the mice were sacrificed and tumors were removed and weighed. The treatment regimen with longdaysin obviously inhibited tumor growth ([Figure 7A--C](#f7-ott-12-993){ref-type="fig"}), and decreased tumor cell density ([Figure 7D](#f7-ott-12-993){ref-type="fig"}) and proliferation as indicated by Ki-67 staining ([Figure 7E](#f7-ott-12-993){ref-type="fig"}). However, longdaysin did not influence body weight, suggesting minimal toxicity.

To investigate the effect of longdaysin on Wnt/β-catenin signaling in MDA-MB-231 xenografts, immunohistochemical staining, immunoblot analyses, and real-time PCR were performed. As indicated by immunohistochemical staining, administration of longdaysin markedly reduced the expression of active β-catenin and total β-catenin ([Figure 7F and G](#f7-ott-12-993){ref-type="fig"}). Moreover, Western blot demonstrated that longdaysin treatment decreased the expression of phosphorylated and total LRP6, phosphorylated DVL2, and active and total β-catenin ([Figure 7H](#f7-ott-12-993){ref-type="fig"}). The Wnt-inhibitory effect of longdaysin was further confirmed by real-time PCR, which showed reduced mRNA expression of the Wnt target genes including *Axin2*, *DKK1*, *LEF1*, and *Survivin* in longdaysin-treated group compared with control group ([Figure 7I](#f7-ott-12-993){ref-type="fig"}).

We further explored the effect of longdaysin on the expression of stemness-related Wnt target genes *CD44*, *Slug*, and *Snail*. Longdaysin treatment inhibited both mRNA and protein levels of CD44, Slug, and Snail ([Figure 7H and I](#f7-ott-12-993){ref-type="fig"}).

Discussion
==========

Longdaysin is a novel chemical regulator of circadian clock. This compound markedly slows the circadian clock both in a variety of mammalian cells and in zebrafish in vivo through inhibition of the protein kinases CK1δ, CK1α, and ERK2. Longdaysin may form the basis for therapeutic strategies directed toward circadian disorders, such as shift-work fatigue and jet lag.[@b23-ott-12-993] However, little is known about the effect of longdaysin on the Wnt/β-catenin pathway. In this study, longdaysin was identified as a potent inhibitor of Wnt/β-catenin signaling through targeting CK1δ and CK1ε. In MDA-MB-231 breast cancer xenografts, longdaysin suppressed in vivo tumor growth, concomitant with reduced expression of phosphorylated and total LRP6, phosphorylated DVL2, active and total β-catenin, and Wnt target genes. Our results indicate that longdaysin may have therapeutic potential for the treatment of breast cancer.

Aberrant regulation of CK1δ and CK1ε is involved in the pathogenesis of several human cancers including breast cancer.[@b2-ott-12-993] CK1ε has been found to be an essential regulator of β-catenin activity and proliferation in breast cancer cells. The expression of CK1ε could promote oncogenic transformation of mammary epithelial cells in a β-catenin-dependent manner.[@b28-ott-12-993] Hirner et al reported that inactivating mutations in CK1δ could attenuate SV40-mediated cellular transformation in vitro and SV40-induced mouse mammary carcinogenesis in vivo.[@b29-ott-12-993] Rosenberg et al demonstrated that CK1δ is frequently amplified and over-expressed in a subset of human breast cancers. Knockdown or inhibition of CK1δ induced breast tumor regression in patient-derived and cell line orthotopic xenograft models of TNBC and HER2^+^ breast cancer.[@b30-ott-12-993] Recently, Janovska et al identified CK1δ/ε as a novel therapeutic target in chronic lymphocytic leukemia.[@b31-ott-12-993] These studies indicate that CK1δ and CK1ε may be therapeutic targets for cancer drug development. Our results demonstrated that long-daysin could inhibit the Wnt/β-catenin signaling through inhibition of CK1δ/ε ([Figure 8](#f8-ott-12-993){ref-type="fig"}). LRP6 and DVL2 are well known as specific substrates for CK1. Longdaysin markedly decreased phosphorylation of LRP6 and DVL2, and reduced the levels of active β-catenin and total β-catenin protein, finally leading to the transcriptional downregulation of Wnt target genes. Consistently, knockdown of CK1δ/ε also decreased protein levels of phosphorylated and total LRP6, phosphorylated DVL2, active β-catenin, and total β-catenin in breast cancer cells, resulting in downregulation of the mRNA expression of Wnt target genes. Moreover, the effects of longdaysin on Wnt/β-catenin occurred at concentrations comparable to those required for inhibiting colony formation, migration, and invasion in breast cancer cells. These results suggest that the antitumor activity of longdaysin is associated with its inhibitory effects on the Wnt/β-catenin signaling pathway.

Our results showed that longdaysin treatment dose-dependently inhibited colony formation, migration, invasion, and formation of tumor spheres in breast cancer cells, while knockdown of CK1δ/ε abrogated its effects. Additionally, we did not observe any synergistic or additive effect after combined CK1δ/ε knockdown and longdaysin treatment. These results strongly suggest that longdaysin exhibits its antitumor activity against breast cancer via targeting CK1δ/ε.

Increasing evidence has demonstrated that the Wnt/β-catenin pathway regulates self-renewal and stemness properties of CSCs.[@b32-ott-12-993] Several Wnt target genes have been proposed as CSC markers including *CD44*, *Slug*, and *Snail* in breast cancer.[@b33-ott-12-993],[@b34-ott-12-993] Thus, targeting the Wnt/β-catenin pathway can potentially eliminate CSC populations in breast cancer. Our results showed that longdaysin significantly inhibited sphere formation of breast cancer cells and decreased the expression of stemness marker genes *CD44*, *Slug*, and *Snail*. In the MDA-MB-231 xenografts, longdaysin suppressed tumor growth in vivo and reduced both mRNA and protein levels of CD44, Slug, and Snail. These results suggest that longdaysin may be an efficient inhibitor of breast CSCs. Further investigation is needed to characterize the inhibitory action of longdaysin on breast CSCs.

Conclusion
==========

Our results showed that longdaysin is able to inhibit the Wnt/β-catenin pathway by targeting CK1δ/ε. This compound markedly decreased phosphorylation of LRP6 and DVL2, and reduced the levels of active β-catenin and total β-catenin protein, finally leading to the transcriptional downregulation of Wnt target genes. We further demonstrated that long-daysin could repress breast cancer cell colony formation, migration, and invasion in a CK1δ/ε-dependent manner. In breast cancer xenografts, longdaysin suppressed in vivo tumor growth with concurrent inhibition of Wnt/β-catenin signaling. To our knowledge, this is the first study providing evidence that longdaysin is a potent antitumor agent. It exhibited antitumor activity against breast cancer via inhibition of CK1δ/ε-dependent Wnt signaling.
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![Longdaysin inhibits the activity of the Wnt/β-catenin pathway.\
**Notes:** (**A**) Structure of longdaysin. HEK293T cells were transfected with the SuperTOPFlash reporter plasmid along with empty vector or (**B**) Wnt1, (**C**) LRP6, (**D**) DVL2, (**E**) CK1δ, (**F**) CK1ε, (**G**) CK1δ/LRP6 and CK1ε/LRP6, (**H**) CK1δ/DVL2 and CK1ε/DVL2, and (**I**) β-catenin expression plasmids. The transfected cells were then treated with DMSO or 1--50 µM longdaysin for 24 hours. (**J**) The SuperTOPFlash reporter plasmid was transfected into HEK293T cells. After transfection for 24 hours, the cells were incubated with control or Wnt3A-CM containing DMSO or the indicated amounts of longdaysin for another 24 hours. The luciferase values were normalized to β-gal activities. The results were the average from three independent experiments done by duplicates. Statistical significance between groups was calculated by Student's *t*-test. \**P*\<0.05 vs the corresponding vehicle control.\
**Abbreviation:** Wnt3A-CM, Wnt3A-conditioned medium.](ott-12-993Fig1){#f1-ott-12-993}

![Longdaysin exhibits little inhibitory effect on the luciferase activity of NFAT, AP-1, or 8\*GTIIC reporter gene.\
**Notes:** HEK293T cells were transfected with (**A**) NFAT-Luc reporter together with control vector or NFATc expression plasmid, (**B**) AP-1-Luc reporter along with control vector or a constitutively active Ras^v12^ expression plasmid, or (**C**) 8\*GTIIC-Luc reporter along with control vector or YAP expression plasmid. The luciferase values were normalized to β-gal activities. The results were the average from three independent experiments done by duplicates.](ott-12-993Fig2){#f2-ott-12-993}

![Longdaysin suppresses the Wnt/β-catenin pathway induced by CK1δ and CK1ε in HEK293T cells.\
**Notes:** HEK293T cells were transfected with (**A**) Flag-tagged CK1δ expression plasmid or (**B**) Flag-tagged CK1ε expression plasmid. After transfection for 24 hours, the cells were treated with DMSO or the indicated concentrations of longdaysin for another 24 hours. Then, phosphorylated LRP6, total LRP6, DVL2, active β-catenin, total β-catenin, and Flag-tagged CK1δ or CK1ε were detected by immunoblotting. The phosphorylated DVL2 showed slower mobility following SDS/PAGE.](ott-12-993Fig3){#f3-ott-12-993}

![Longdaysin represses the Wnt/β-catenin pathway via targeting CK1δ and CK1ε in breast cancer cells.\
**Notes:** (**A** and **C**) Hs578T or (**B** and **D**) MDA-MB-231 breast cancer cells were infected with lentivirus containing control shRNA (shC) or shRNAs targeting CK1δ and CK1ε (shCK1), treated with DMSO or the indicated concentrations of longdaysin for 24 hours, and then analyzed by (**A** and **B**) immunoblotting to detect the indicated proteins. (**C** and **D**) Real-time PCR was used to determine mRNA levels of Wnt target genes *Axin2*, *DKK1*, *LEF1*, and *Survivin*. Data are expressed as mean ± SD of three replicates. \**P*\<0.05 vs the corresponding vehicle control (Student's *t*-test).](ott-12-993Fig4){#f4-ott-12-993}

![Longdaysin inhibits breast cancer cell colony formation, migration, and invasion through suppressing CK1δ and CK1ε. Hs578T or MDA-MB-231 breast cancer cells were infected by lentivirus containing control shRNA (shC) or shRNAs targeting CK1δ and CK1ε (shCK1).\
**Notes:** (**A**) Hs578T and MDA-MB-231 cells were seeded and treated with the indicated concentrations of longdaysin for 7 days. Cells were then stained with crystal violet, and stained cells were photographed. The right panel is a graphical illustration of quantitative data of the relative colony numbers per well. (**B**) Hs578T and MDA-MB-231 cells were transferred into transwells with the indicated concentrations of longdaysin for 6 hours. The migrated cells were stained and photomicrographed. The right panel is a graphical illustration of quantitative cells migrated per field. (**C**) Hs578T and MDA-MB-231 cells were transferred into transwells coated with Matrigel and incubated with the indicated concentrations of longdaysin for 24 hours. The invaded cells were stained and photomicrographed. The right panel shows a graphical illustration of quantitative cells invaded per field. Data were collected from three independent experiments. \**P*\<0.05.](ott-12-993Fig5){#f5-ott-12-993}

![Longdaysin suppresses the sphere-forming ability and the expression of stemness marker genes through inhibition of CK1δ/ε in breast cancer cells.\
**Notes:** (**A**) Hs578T breast cancer cells were infected with control shRNA (shC) or shRNAs targeting CK1δ and CK1ε (shCK1). Cells were then cultured in Ultra-Low Attachment dishes to examine the ability of sphere formation in the absence or presence of the indicated longdaysin. The number of spheres (diameter \>50 µm) was counted under a microscope. (**B**) Graphical illustration of quantitative data of the relative number of spheres. (**C**) Hs578T cells were infected with control shRNA (shC) or shRNAs targeting CK1δ and CK1ε (shCK1). Cells were then treated with the indicated concentrations of longdaysin for 24 hours. Real-time PCR was used to determine mRNA levels of stemness marker genes *CD44*, *Slug*, and *Snail*. (**D**) Hs578T cells were infected by lentivirus containing control shRNA (shC) or shRNAs targeting CK1δ and CK1ε (shCK1). Cells were then treated with the indicated concentrations of longdaysin for 24 hours. CD44, Slug, and Snail were detected by immunoblotting. Scale bar, 100 µm. The results are shown as mean ± SD from three independent experiments. \**P*\<0.05.](ott-12-993Fig6){#f6-ott-12-993}

![Longdaysin represses tumor growth in MDA-MB-231 xenograft mouse model.\
**Notes:** Established MDA-MB-231 xenografts were treated with 5 mg/kg longdaysin every 3 days for 3 weeks. Eight mice per group were used. (**A**) Tumor images. (**B**) Mean tumor volumes. (**C**) Mean tumor weights. (**D**) H&E staining; original magnification ×40. Scale bar, 100 µm. (**E**) Ki-67 staining; original magnification ×40. Scale bar, 100 µm. (**F**) Active β-catenin antibody staining; original magnification ×40. Scale bar, 100 µm. (**G**) Total β-catenin antibody staining; original magnification ×40. Scale bar, 100 µm. (**H**) The expression levels of phosphorylated LRP6, total LRP6, DVL2, active β-catenin, total β-catenin, CD44, Slug, and Snail in tumor samples were detected by immunoblotting. (**I**) The mRNA expression levels of *Axin2*, *DKK1*, *LEF1*, *Survivin*, *CD44*, *Slug*, and *Snail* were quantitated by real-time PCR. The results are shown as mean ± SD from three independent experiments. \**P*\<0.05.](ott-12-993Fig7){#f7-ott-12-993}

![A novel mechanism by which longdaysin inhibits Wnt/β-catenin signaling.\
**Notes:** The Wnt/β-catenin signaling cascade is initiated when a Wnt molecule binds to the Wnt coreceptor LRP6 and a member of the FZD receptor family. CK1δ/ε activity is rapidly upregulated and DVL and LRP6 are phosphorylated, resulting in accumulation of cytoplasmic β-catenin. Longdaysin could decrease phosphorylation of LRP6 and DVL2 through inhibition of CK1δ/ε, and reduce the levels of cytoplasmic β-catenin, finally leading to the transcriptional downregulation of Wnt target genes.](ott-12-993Fig8){#f8-ott-12-993}
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